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SOLAR CELL RADIATION DAMAGE STUDIES 

WITH 1 MEV ELECTRONS AND 4.6 MEV PROTONS 

by 

W i l l i a m  R. Cherry and Lu the r  W .  S l i f e r  

Background 

A f t e r  t h e  J u l y  1962 AEC P a c i f i c  tests, e r r a t i c  behav io r  
developed i n  s e v e r a l  U.S. sa te l l i tes  which were i n  o r b i t .  Sub- 
sequen t  a n a l y s i s  of d a t a  has  r evea led  a n  enhanced r a d i a t i o n  b e l t  
c o n s i s t i n g  p r i m a r i l y  of h igh  energy e l e c t r o n s  which range  i n  
e l e v a t i o n  of about  500 NM t o  4,000 NM. 

The need w a s  appa ren t  f o r  more r a d i a t i o n - r e s i s t a n t  solar  
ce l l s  f o r  NASA s p a c e c r a f t  f r e q u e n t i n g  t h e  new man-made and t h e  
n a t u r a l  b e l t s .  A series of 1 ohm c m  N/P s i l i c o n  so la r  ce l l s  
which had been i r r a d i a t e d  w i t h  1 Mev e l e c t r o n s  a t  d o s e s  r ang ing  
from zero t o  10l6 e lec t rons /cm2 w a s  used t o  e s t a b l i s h  a damage 
rzte s p e c i f i c a t i o n ,  i d e n t i f i e d  a s  GSFC Spec 63-106. 

During October  and November 1962, s t a t e  of t h e  a r t  samples  
of N/P s i l i c o n  s o l a r  c e l l s  w e r e  purchased from e i g h t  s o u r c e s  
w i t h i n  t h e  United S t a t e s .  A q u a n t i t y  of P/N s i l i c o n  s o l a r  ce l l s  
w a s  a l so  purchased f o r  comparat ive purposes .  

Experiment 

I n  c o n j u n c t i o n  w i t h  personnel  a t  t h e  Naval Research  Labora- 
t o r y ,  an  e l a b o r a t e  experiment  was planned u s i n g  1 Mev e l e c t r o n  
and 4.6 Mev p ro ton  i r r a d i a t i o n s ,  as  fo l lows .  A s t a n d a r d  l i g h t  
s o u r c e  i l l u s t r a t e d  i n  Appendix "A" w a s  used t o  select 30 c e l l s  
from e a c h  group w i t h  median I - V  c h a r a c t e r i s t i c s  of  t h e  l o t .  The 
i n i t i a l  I - V ,  s p e c t r a l  r e sponse ,  and d i f f u s i o n  l e n g t h  c h a r a c t e r -  
i s t i c s  of  each  ce l l  were measured, The ce l l s  were t h e n  i r r a d i a t e d  
t o  t h e  v a r i o u s  dosage l e v e l s  shown below, t a k i n g  s e l e c t e d  I -V,  
s p e c t r a l  r e sponse ,  and d i f f u s i o n  l e n g t h  measurements. 
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1 Mev E l e c t r o n s  

Dosage 
Number 
of C e l l s  

0 

10  
11 

10l2 

1 0 l 6  

15  

14 

13 

12 

11 

10 

9 

4.6 Mev Pro tons  

Number of C e l l s  
Withdrawn a t  Dosage 
Level  

1 

1 

1 

1 

1 

1 

9 

0 6 

1o1O 6 

6 3 x 10 

l o l l  6 

6 3 x 10 

10 

11 

0 

0 

0 

0 

6* 

*Except as i n d i c a t e d  i n  Appendix "B" 

A summary of a l l  i n d i v i d u a l  s h o r t  c , r c u i t  c u r r e n t  measurements, 
average  s h o r t  c i r c u i t  c u r r e n t s  pe r  group,  pe rcen tage  change i n  
average  s h o r t  c i r c u i t  c u r r e n t ,  and pe rcen t  change i n  average  maxi- 
mum power is a t t a c h e d  as  Appendix "B" for b o t h  e l e c t r o n  and p ro ton  
bombardments. These v a l u e s  were o b t a i n e d  u s i n g  t h e  s t a n d a r d  tung- 
s t e n  l i g h t  d e s c r i b e d  i n  Appendix "A."  
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Caut ion  must be e x e r c i s e d  i n  u s i n g  t h i s  d a t a .  The ce l l s  
w e r e  m o s t l y  s ta te  of t h e  a r t ;  only t h e  Group D cel ls ,  made by 
Western Electric Company, had been produced i n  s i z a b l e  q u a n t i t i e s  
a t  t h a t  t i m e .  A f t e r  t h e  p re l imina ry  meeting h e l d  a t  Goddard on 
Janua ry  23, 1963, when change i n  Isc as a f u n c t i o n  of 1 Mev dos- 
age w a s  d i s c u s s e d ,  s e v e r a l  of t h e  s o u r c e s  changed t h e  base  mater- 
i a l  used i n  t h e i r  ce l l s ;  t h u s ,  r e s u l t s  would be q u i t e  d i f f e r e n t  
t oday .  Furthermore,  t h e  c e l l  performance was measured i n  t u n g s t e n  
l i g h t ,  which w i l l  emphasize t h e  damage t o  a ce l l  more t h a n  a i r  
m a s s  one or a i r  m a s s  zero s u n l i g h t .  From t h e  d a t a  p r e s e n t e d ,  it 
is n o t  p o s s i b l e  t o  p i c k  o u t  t h e  bes t  c e l l  f o r  s u n l i g h t  u se .  The 
experiment  w a s  i n t ended  t o  show t h e  r e l a t i v e  damage of a s u p p l i e r ’ s  
ce l l  t o  an  accep ted  r e f e r e n c e ,  and t h i s  it d i d  ve ry  w e l l .  C l e a r l y ,  
as s e e n  i n  F i g u r e  1, t h e  change i n  Is 
barded ce l l s  f e l l  i n t o  f o u r  groups,  w h c h  were a f u n c t i o n  of base 
r e s i s t i v i t y  and d r i f t  f i e l d .  From t h e  d a t a  i n  Appendix “ B , ”  even 
cel ls  w i t h  base  r e s i s t i v i t i e s  less t h a n  1 ohm c m  were appa ren t .  

The ce l l s  which w e r e  i r r a d i a t e d  t o  10l6 1 M e V  e l e c t r o n s  w e r e  

f o r  1 Mev e l e c t r o n  bom- 

measured f o r  pe rcen tage  change i n  Is, under t u n g s t e n  l i g h t  and 
Tab le  Mountain, C a l i f o r n i a  s u n l i g h t .  A l s o  t h e  pe rcen tage  change 
i n  Is w a s  measured i n  t u n g s t e n  l i g h t  f o r  t h e  ce l l s  i r r a d i a t e d  
w i t h  2.6 Mev p r o t o n s ,  The r e s u l t s  are shown i n  Table  1. 

Table 1 16 
E lec t rons / lO  
B a s e  S Ch ange % Change 
R e s i s -  Isc- I sc-Tabl e 
t i v i t y  Group Tungsten Order  Mountain Order  

22.0 1 No C e l l s  

24.5 2 13 2 

25 E 34.5 3 25 3 

J~~ 

E~~ 

? 

? 

1 0  F 40.3 4 2 8  4 

10 G 41.1 5 31 5 

1 B 50.6 6 33 6 

1 C 51.8 7 39 7 

1 D 52.5 8 40 9 

<1 K 53.6 9 39 8 

<1 H 56.4 1 0  44 1 0  

1 A 77.9(P/N) 11 66 11 

~ r o t o n s / 3 x 1 0 ”  
Change 

Isc- 
Tungsten Order v 

No C e l l s  

N o  C e l l s  

30.5 4 

29.8 3 

32 .0  5 

35.7 6 

37 .0  8 

37.5 9 

36 .5  7 

40.8 1 0  

57.1 11 
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Table 1 shows t h a t  w i t h i n  a 1% change of Isc, t h e  ce l l s  
maintained t h e i r  same o r d e r  of damage r e s i s t a n c e  i n  both t u n g s t e n  
l i g h t  and s u n l i g h t .  I t  a l s o  shows t h a t  w i t h  4.6 Mev p ro tons ,  t h e  
d i s t i n c t i o n  between t h e  v a r i o u s  base r e s i s t i v i t i e s  is n o t  a s  pro- 
nounced as  w i t h  1 MeV e l e c t r o n s ,  bu t  t h e  proton s t u d i e s  were not  
c a r r i e d  t o  t h e  equ iva len t  dosage as  t h e  e l e c t r o n s .  

When percentage change of maximum power caused by 1 0 l 6  1 Mev 
e l e c t r o n s  is used a s  t h e  index ,  t h e  r e l a t i v e  o r d e r  is aga in  t h e  
same as t h a t  f o r  t h e  s h o r t  c i r c u i t  c u r r e n t .  (See Table  2.)  The 
base r e s i s t i v i t y  aga in  e s t a b l i s h e s  d i s t i n c t  groups of less  t h a n  1 
ohm c m ,  1 ohm c m ,  10 ohm c m ,  and 25 ohm c m  ce l l s .  The d r i f t  
f i e l d  ce l l s  a r e  s t i l l  s u p e r i o r .  There is o t  t h e  c lear  d i s t i n c -  
t i o n  between base r e s i s t i v i t i e s  a t  3 x 10" 4.6 Mev p ro tons ,  but  
g e n e r a l l y  t h e  h ighe r  base r e s i s t i v i t y  is  more r a d i a t i o n - r e s i s t a n t .  

Table  2 

Electrons/lO" 
Base % Change 
Resis- Pmp - 
t i v i t y  Group Tungsten Order 

? 

? 

25 

10 

10  

1 

1 

1 

(1 

< n  
1 

E~~ 

J~~ 

E 

F 

G 

C 

D 

B 

K 

H 

A (P/N) 

42.6 1 

43.2 2 

48.1 3 

52.1 4 

52.6 5 

58.7 6 

59.2 7 

59.7 8 

63.1 9 

63.6 10 

85.6 11 

11 Protons/3 x 10 
% Change 
Pmp - 
Tungsten Order 

N o  C e l l s  

N o  C e l l s  

37.9 4 

35.2 3 

39.3 5 

41.3 7 

42.2 8 

41.0 6 

45 ,2  9 

46.9 10 

65.7 11 
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Graphs showing t h e  percentage degrada t ion  of maximum power 
a s  a f u n c t i o n  of proton and e l e c t r o n  dosage are inc luded  as 
F i g u r e s  2 through 12.  
p r o t o n s ,  t h e r e  is a t  l eas t  10  times t h e  r a d i a t i o n  r e s i s t a n c e  f o r  
N/P ce l l s  u s i n g  a minimum of  1 ohm c m  base r e s i s t i v i t y  material 
t h a n  f o r  t h e  P/N ce l l  under t h e  tungs ten  l i g h t  source  B a s e  
r e s i s t i v i t y  is not  as 
p ro tons  as it is a t  loB6 1 Mev e l e c t r o n s .  
protoi: dosage, which would be about 1 0 1 3 / c m 2 ,  might show a cor- 
r e l a t i o n  of base  r e s i s t i v i t y  v s .  r a d i a t i o n  damage, However, base 
r e s i s t i v i t i e s  o f  less than  1 ohm c m  are below t h e  Group D r e f e r -  
ence  a l l  t h e  way, whi le  t h e  25 ohm c m  ce l l s  show less  degrada t ion  
of maximum power. 

These da t a  show t h a t  w i t h  3 x 10l1 4 .6  Mev 

redominant a f a c t o r  a t  3 x l o l l  4.6 Mev 
Perhaps an equ iva len t  

Conclusions 

For ce l l s  a t  room temperature ,  w e  can conclude t h e  fo l lowing:  

1, The 1 ohm c m  N/P s i l i c o n  so l a r  c e l l  is c o n c l u s i v e l y  
more r a d i a t i o n - r e s i s t a n t  t han  1 ohm c m  P/N cel ls  t o  1 Mev elec- 
t r o n s  and/or 4 .6  Mev pro tons  both i n  percentage  change i n  Is, and 
maximum power ou tpu t .  
l i g h t  o r  s u n l i g h t .  

Th i s  p e r t a i n s  t o  both  2800°K tungs ten  

2 ,  The 1 ohm c m  N/P s i l i c o n  so l a r  c e l l  is d e f i n i t e l y  more 
r a d i a t i o n - r e s i s t a n t  t o  4,6  Mev pro tons  t h a n  ce l l s  made of l o w  
b a s e - r e s i s t i v i t y  material. There is an ind ica tkon  t h a t  t h e  1 ohm 
c m  c e l l s  are a l so  more r a d i a t i o n - r e s i s t a n t  t o  1 Mev e l e c t r o n s  than  
l o w e r  b a s e - r e s i s t i v i t y  cel ls .  

3. A s  base r e s i s t i v i t y  of N/P c e l l s  is inc reased  beyond 
1 ohm c m ,  t h e  r a d i a t i o n  r e s i s t a n c e  t o  1 Mev e l e c t r o n s  d e f i n i t e l y  
improves. Th i s  t r e n d  con t inues  t o  a t  least  25 ohm c m  mater ia l .  
Rad ia t ion  r e s i s t a n c e  of N/P cel ls  t o  4.6  Mev p ro tons  s e e m s  t o  i m -  
prove t o  a t  l eas t  10 ohm c m  base r e s i s t i v i t y ,  bu t  beyond t h a t  
showed l i t t l e  o r  no improvement, 

There is a p o s i t i v e  i n d i c a t i o n  t h a t  a s i l i c o n  s o l a r  c e l l  con- 
t a i n i n g  a b u i l t - i n  d r i f t  f i e l d  w i l l  have g r e a t e r  r a d i a t i o n  resist- 
ance t o  1 Mev e l e c t r o n s  than  a s i l i c o n  ce l l  wi thout  such a f i e l d .  
S ince  no d r i f t  f i e l d  ce l l s  were a v a i l a b l e  f o r  t h e  pro ton  e x p e r i -  
ment, conc lus ions  w i l l  have t o  a w a i t  t h e  outcome of f u t u r e  planned 
exper iments ,  

Acknowledgements 

and 4.6 Mev pro ton  experiments  were performed a t  t h e  Naval Research 
Labora tory  under NASA sponsorsh ip ,  I n  p a r t i c u l a r ,  I wish t o  ack- 
nowledge t h e  o u t s t a n d i n g  work of Messrs. E .  Brancato,  R ,  S t a t l e r ,  
J. Weller, and R. Lambert. 

The e x c e l l e n t l y  planned and s u p e r b l y  conducted 1 Mev e lec t ron  

5 ,  



APPENDIX "A" 

LIGHT SOURCE USED TO DETERMINE RADIATION 

DAMAGE TO SILICON SOLAR CELLS 



APPENDIX "A" 

LIGHT SOURCE USED TO DETERMINE RADIATION DAMAGE TO SILICON SOLAR CELLS 

A r e f l e c t o r  f lood  tungs t en  bulb  of 300 W ,  120 v o l t  r a t i n g  is  
color- temperature  c a l i b r a t e d  a t  2800°K, w i t h  a Pyro-Eye, Model 
C3L301, manufactured by Instrument  Development L a b o r a t o r i e s ,  I n c . ,  
A t t l e b o r s ,  Mass. The bulb is mounted s o  t h a t  t h e  l i g h t  pa th  t o  
t h e  c e l l  passes  through a f i l t e r  c o n s i s t i n g  of 1/2" ( t o t a l  t h i c k -  
n e s s )  of P l e x i g l a s  p l u s  3 c m  of de- ionized water. The f i l t e r  s i z e  
i s  a t  least 1 f o o t  i n  d iameter  s o  as  t o  reduce edge e f f e c t s .  A l l  
a i r  bubbles adher ing  t o  t h e  s u r f a c e s  a r e  removed so as t o  avoid 
l o c a l  d i s t o r t i o n s .  

Ten s i l i c o n  s o l a r  c e l l s ,  t y p i c a l  of t h e  ba t ch  being e v a l u a t e d ,  
are c a l i b r a t e d  i n  n a t u r a l  s u n l i g h t  under a c c e p t a b l e  a tmospheric  
c o n d i t i o n s , #  

The l i g h t  sou rce  is ope ra t ed  a t  t h e  v o l t a g e  necessary t o  a t -  
t a i n  a 280005 c o l o r  tempera ture  a t  a l l  t i m e s .  
of 100 mw/cm of equ iva len t  n a t u r a l  s u n l i g h t  is  e s t a b l i s h e d  by 
moving c a l i b r a t e d  ce l l s  n e a r e r  o r  f u r t h e r  from t h e  f i l t e r  u n t i l  Is, 
c o n d i t i o n s  i n d i c a t e  t h e  proper  i n t e n s i t y .  Measurements on a l l  
t es t  c e l l s  w i l l  be made from t h i s  p o i n t .  

The l i g h t  i n t e n s i t y  

P recau t ions  a r e  taken  t o  main ta in  c e l l  tempera ture  a t  25OC 

Sun i n  clear sky and h o r i z o n t a l  v i s i b i l i t y  a t  l eas t  5 
m i l e s  
Measurements made between 11 a . m .  and 1 p.m. P a c i f i c  
Standard Time, March 1 t o  October 30. 
Temperature 25OC k 2OC. 
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APPENDIX "B1" 

A COMPARATIVE STUDY OF 1 hWV ELECTRON-BOMBARDED 
SILICON SOLAR CELLS 

In t roduc t ion  

A t  t h e  r eques t  of t h e  Goddard Space F l i g h t  Center ,  t h e  Naval 
Research Laboratory conducted an experiment t o  determine t h e  ef- 
f e c t s  of 1 M e V  e l e c t r o n  r a d i a t i o n  on t h e  photon conversion pro- 
perties of N/P s i l i c o n  s o l a r  ce l l s .  The solar  cells  were comprised 
on 10  d i f f e r e n t  groups of recent product ion by undisc losed  sources ,  
which w e r e  purchased by GSFC and given t o  NRL without  manufacturer  
i d e n t i f i c a t i o n .  The r a d i a t i o n  damage was s t u d i e d  a f t e r  each rad ia-  
t i o n  wi th  l Mev e l e c t r o n s  a t  doses  of l o l l ,  1 0 l 2 ,  1013, 1014, 1015, 
and 1016 electrons/cm2.  
minor i ty  c a r r i e r  d i f f u s i o n  l e n g t h ,  s p e c t r a l  response,  ou tput  power, 
and s h o r t  c i r c u i t  c u r r e n t ,  a l though only  t h e  r e s u l t s  of t h e  l a t t e r  
measurements w i l l  be r epor t ed  here, 

Among t h e  parameters  examined w e r e  t h e  

Ins t rumenta t ion  

To a s s u r e  uni formi ty  of i n t e g r a t e d  e l e c t r o n  f l u x  t o  a l l  ce l l s ,  
t hey  were placed on an aluminum wheel r o t a t i n g  a t  10 rpm under t h e  
beam tube  of t h e  Van de Graaf f .  The c i r c u l a r  pa th  of every  c e l l  
w a s  t h e  same and passed through the  a x i s  of t h e  beam tube  about  6 
inches  below t h e  e x i t  window, I r r a d i a t i o n  w a s  done a t  d i f f e r e n t  
f l u x  d e n s i t i e s ,  and the  t i m e  t o  reach each decade of dose v a r i e d  
from 2 minutes  a t  1011e/cm2 t o  1 4  hours a t  1016e/cm2. The devia-  
t i o n  i n  uni formi ty  of i n t e g r a t e d  f l u x  from one ce l l  t o  ano the r  was 
no g r e a t e r  t han  O e 2 5 %  a t  1013/'cm2 and was much less a t  t h e  l a r g e r  
doses ,  The f l u x  w a s  c a l i b r a t e d  by measuring t h e  output  of a 
radiation-damaged s o l a r  c e l l  r e l a t i v e  t o  a Faraday cup, and 
throughout  t h e  r a d i a t i o n  t h e  f l u x  was monitored b y  a Faraday cup 
pos i t i oned  nea r  t h e  wheel ,  A i r  was blown a c r o s s  t h e  s u r f a c e  of 
t h e  wheel f o r  coo l ing  t h e  cells ,  The wheel tempera ture  d i d  not  go 
above 3OoC a t  any t i m e  dur ing  the  i r r a d i a t i o n ,  

The s h o r t  c i r c u i t  c u r r e n t  of t h e  s o l a r  cel ls  w a s  measured as 
t h e  v o l t a g e  drop  a c r o s s  a l-ohm p r e c i s i o n  resistor load ing  t h e  
c e l l  when it w a s  i l l umina ted .  The l i g h t  source  was a 300-watt 
r e f l e c t o r  f l o o d  bulb w i t h  a c a l i b r a t e d  c o l o r  temperature  of 2800°K 
w i t h  a heat-absorbing f i l t e r  c o n s i s t i n g  of 3 ern of d i s t i l l e d  water 
conta ined  i n  a P l e x i g l a s  holder. The l i g h t  i n t e n s i t y  w a s  a d j u s t e d  
by p l a c i n g  t h e  c e l l  holder  a t  a d i s tance  from t h e  lamp which cor- 
responded t o  a 100 mw/cm2 i n t e n s i t y  as determined by a se t  of 10  
Western Electr ic  N/P s o l a r  ce l l s  which had been c a l i b r a t e d  by GSFC 
and supp l i ed  t o  NRL f o r  t h i s  purpose, The v o l t a g e  a c r o s s  t h e  1-ohm 
load ing  r e s i s t o r  was measured by a vol tage- to-frequency conve r t e r  
and d i sp layed  on a frequency counter ,  The accuracy of t h e  s h o r t  
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c i r c u i t  c u r r e n t  measurement is  f 0 .1  m a  f o r  a l l  ce l l s  except  
Group B,  i n  which some c o n t a c t  r e s i s t a n c e  w a s  e v i d e n t ,  For these 
ce l l s  t h e  accuracy is probably f- 0.3 m a .  

R e s u l t s  

Table I lists a l l  t h e  measured v a l u e s  of s h o r t  c i r c u i t  cu r -  
r e n t  fol lowing t h e  i n d i c a t e d  e l e c t r o n  dose.  The average  va lue  of 
s h o r t  c i r c u i t  c u r r e n t  f o r  each group of ce l l s  a t  t h e  i n d i c a t e d  
dose is shown i n  Table  11. I t  should be noted t h a t  no t  a l l  c e l l s  
were measured a t  every  dose, so t h a t  t h e  average c u r r e n t  a t  each 
dose is f o r  a d i f f e r e n t  set of c e l l s  of t h e  group. The percentage  
change i n  average s h o r t  c i r c u i t  c u r r e n t  is shown i n  Table  111. 
T h i s  change is computed from t h e  average change i n  c u r r e n t  f o r  
t h e  ce l l s  measured a t  a given dose l e v e l  r e l a t i v e  t o  t h e  i n i t i a l  
average c u r r e n t  of t h a t  same set of ce l l s .  

A more complete r e p o r t  d e s c r i b i n g  t h i s  and o t h e r  phases  of 
t h e  experiment i n  more d e t a i l  is i n  p r e p a r a t i o n .  

2. 
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Cell Initial 
No. Value 

Table I 

2 After a Dose in Electrons/cm 

1o l2  l o L 5  

A-1-1 
A-1-2 
A-1-3 
A-1-4 
A-1-5 
A-1-6 
A- 1-7 
A-1-8 
A-1-9 
A-1-10 
A-1-1 1 
A-1-12 
A-1-13 
A-1-14 
A-1-15 

B-1-1 
B-1-2 
B-1-3 
B-1-4 
B-1-5 
B-1-6 
B-1-7 
B-1-8 
B-1-9 
B-1-10 
B-1-11 
B-1-12 
B-1-13 
B-1-14 
B-1-15 

48. 1 
47.3 
47.2 
48.6 
48.4 
47.4 
48.1 
47.5 
47.7 
47.9 
48.0 
47.9 
47.8 
48.6 
47.8 

70.4 
78.6 
79.5 
76.4 
75.2 
81.6 
76.4 
77.2 
85.0 
78.2 
80.1 
78.3 
80.5 
83.0 
82.1 

47.3 
44.6 
45.4 37.0 
44.0 34.7 24.8 

34. 3 24.1 
35.8 26.2 
34.7 24.8 
38. 1 28.5 
36.8 26.9 
36.5 26.9 
35.0 25. 1 
36.0 26.2 
37.3 27.5 
37.6 27.4 

78.9 
78.5 
76.4 74.6 
75.1 74.2 70.1 

79.9 74.5 
75.7 71.1 
76.6 71.0 
81.9 75.9 
77.6 72.1 
79.0 73.1 
77.3 70.4 
79.9 74.2 
81.7 76.0 
79.9 73.5 

15.0 
16.6 10.3 
15. 3 9.4 
18.7 11.7 
17.3 11.0 
17.4 11.0 
15.8 9.8 
16.7 10.2 
18.0 11.1 
17.9 11.1 

60.4 
57.5 38.5 
57.5 38.2 
60.2 39.8 
58.3 39.6 
59. I 41.5 
55.2 35.6 
60.2 41.0 
61.6 42.9 
58.2 39.1 
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Table I 

Groups C and D 
I 

2 After a Dose in  Electrons/cm I 

c-1-1 
c-1-2 
C-1-3 
C-1-4 
C-1-5 
C-1-6 
C-1-7 
C-1-8 
C-1-9 
c-1-10 
c-1-11 
c-1-12 
C-1-13 
C-1-14 
C-1-15 

D-1-1 
D-1-2 
D-1-3 
D-1-4 
D-1-5 
D-1-6 
D-1-7 
D-1-8 
D-1-9 
D-1-10 
D-1-11 
D-1-12 
D-1-13 
D-1-14 
D-1-15 

51. 5 
51.4 
51.4 
52.0 
50.5 
51.6 
51.9 
52. 2 
51.4 
51.2 
52.0 
50.7 
51.1 
51.0 
51. 2 

45. 1 
45. 6 
45.0 
45.0 
44.4 
45. 1 
44.4 
45.4 
45.6 
45. 1 
45. 1 
45.2 
45. 1 
44.4 
45. 2 

51.3 
50.9 
51.2 50.8 
50.3 49.4 43.9 

51.0 45.5 
51. 1 45.3 
51.3 45.2 
50.7 45.2 
50.3 44.9 
50. 5 45.0 
50.0 44.8 
50.4 44.9 
49.6 44.6 
50.1 44.6 

45.4 
45.0 
44.9 44.5 
44.5 44.1 39.6 

44.4 40.8 
44.0 39.6 
45.2 40.9 
45.2 40.4 
44.5 40.8 
44.9 40.4 
44.7 40.1 
44.4 40.0 
43.9 39.7 
44.8 40.5 

36.4 
36.1 
36.0 
36.1 
35.7 
35.9 
35.8 
35.8 
35" 3 
35.6 

32.4 
31.3 
32.5 
32.0 
32.6 
32.1 
31.9 
31. 5 
31.2 
31.9 

24.8 
24.9 
25. 1 
24.6 
25. 1 
24.8 
24.4 
25.0 
25.0 

21.0 
22.0 
21.3 
22-2 
21.6 
21.3 
21.2 
20.9 
21.5 

2. 
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Cell Initial 
No . Value loll 1o12 

(ma) (ma) (ma) (ma) (ma) (ma) (ma) 
22.0 E-1-1 

E-1-4 
E-1-5 
E-1-8 
E-1-10 
E-1-11 
E-1-13 
E-1-15 
E-1-18 
E-1-19 

22.6 
22.0 
21.5 
21.9 
21.8 
21.9 
22.4 
21.3 
22.1 

20.2 
19.2 
21.7 
20.5 
19.4 
19.8 
21.0 
21.5 
20.5 
19.8 

43.9 
44.0 
44.5 
46.1 
42.7 
45.5 

22.7 
22.2 
21.6 21.7 
22.0 22.0 21.0 

21.9 21.0 17.0 
21.8 20.8 16.9 14.3 
22.5 21.4 17.4 14.8 
21.3 20.4 16.5 13.9 
22.2 21.1 17.1 14.5 

19.2 
21.8 
20.7 20.7 
19.5 19.7 19.2 

19.9 19.6 17.9 
21.1 20.7 18.8 15.7 
21.6 21.3 18.9 16.2 
20.7 20.3 18.4 15.3 
19.8 19.4 17.6 14.4 

44.1 
44.6 44.5 
46.2 45.9 45.8 
42.9 42.7 42.3 37.5 

45.8 45.0 40.9 34.7 

3. 
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2 After a Dose in Electrons/cm 

Cell Initial 
No. Value 

(ma) (ma) (ma) (ma) (ma) (ma) (ma) 
F-1-1 52.5 
F-1-2 50.7 50.8 
F-1-3 52.1 52. 0 

Table I 

I 

I 

Groups F and G 
I 

F-1-7 51.5 50.1 45.9 37.1 28.0 
F-1-8 51.9 50.7 46.9 39.0 31.7 
F-1-9 51.5 50.5 47. 1 39.0 31.8 
F-1-10 52. $ 51.7 47.9 39.4 32. 2 
F-1-11 51.8 51.0 47. 3 38.7 31.2 
F-1-12 52.7 51.8 48.0 39.6 31.9 
F-1-13 52.4 51. 8 47. 8 40. 1 32. 3 
F-1-14 51.6 50.8 46.8 39.5 31.7 
F-1-15 50.0 48.9 44. 5 36.7 27.7 

1 G-1-15 

G-1-1 
G-1-2 
G-1-3 
G-1-4 
G-1-5 
G-1-6 
G-1-7 
G-1-8 
G- 1-9 
G-1-10 
G-1-11 
G-1-12 
G-1-13 
G-1-14 

50. 3 
50.2 
49.7 
47.7 
46.8 
50.6 
48. 5 
49.1 
48.2 
49.5 
49.5 
50.0 
48.5 
50.1 
49.4 

50.4 
49.7 
47. 5 46.6 
46.6 45.8 41.5 

49.6 44.9 37.1 
47.4 43.2 35.8 28.7 
4$.0 44.1 36.4 29.2 
47.2 43. 1 35. 8 28. 1 
48. 5 44.2 36.4 29.0 
48. 5 44. 1 36.6 29.7 
49.0 44.3 37.0 29.7 
47.4 42.9 35.7 27.8 
49.4 44.5 37.2 30.0 
48.3 44. 3 36.4 28.5 

c 

I 

4. 
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Table  I 

Groups H and K 
I 

2 After a Dose in Electrons/cm 

H-1-1 50.1 
H-1-2 46.8 
H-1-3 48. 5 
H-1-4 50. 3 
H-1-5 48.0 
H-1-6 48. 3 
H- 1-7 50.0 
H-1-8 49.2 
H-1-9 49.5 
H-l-tO 49.0 
H-1-11 47.9 
H-1-12 48.0 
H-1-13 50.1 
H-1-14 48.8 
H-1-15 49.9 

K-1-1 47.9 
K-1-2 49.3 
K-1-3 47.6 
K-1-4 47.7 
K-1-5 47.4 
K-1-6 48.0 
K-1-7 49.1 
K-1-8 48.7 
K-1-9 45. 6 
K-1-10 49.3 
K-1-11 48.1 
K-1-12 47.7 
K-1-13 49.4 
K-1-14 46.6 
K-1-15 48.4 

47.0 
48.0 
50.1 48. 5 
47.5 46.0 41.3 

47.0 42. 1 32.9 
48.5 42.8 33.5 21.7 
48. 1 42.4 33.0 21.3 
48. 3 42.7 33.3 21.7 
47.6 42. 3 32.8 21.3 
46.3 40.8 31.7 21.0 
47.0 42.0 32.8 21.5 
48. 5 42.8 33.0 21.6 
47.4 42.1 32.6 21.4 
48.1 42.4 32.8 21.2 

49.7 
47.4 
47.6 46. 5 
47.4 46. 5 41. 3 

46.8 41.2 32.4 
47.7 42.3 33.2 22.6 
47.4 41.7 32. 5 22.1 
44. 2 38.8 30.0 19.6 
47.7 41.9 32.8 22.2 
46.8 41.4 32.6 22.4 
46. 3 41.0 32.4 22.1 
48.8 43.9 35.7 27.1 
45. 5 40.2 30.9 20.3 
47. 1 41.4 32.4 22.0 

5. 
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Table I1 

Group Average Shor t  C i r c u i t  Cur ren t  of S o l a r  C e l l s  

a f t e r  1 M e V  E l e c t r o n  Rad ia t ion  

~ 

2 
A f t e r  a Dose i n  Electrons/cm 

Group I n i t i a l  
No . Value 1 0 1 ~  

( m a )  (ma) (ma) ( m a )  ( m a  ) 

A 47.9 36.2 26.2 16.9 10 .6  

B 78.8 78.2 72.9 58.9 39.6 

C 51.4 50.4 44.9 35.9 24.8 

D 45.0 44.6 40.3 31.9 21.4 

E# 22.0 21.9 21.0 17.0 14.4 

20.4 20.5 20.1 18.3 15.4 

F 51.8 50.9 47.0 38.8 30.9 

G 49.2 48.0 43.7 36.4 29.0 

H 48.9 47.6 42.2 32.8 21.4 

44.5 44.7 44.4 39.2 34.7 

K 48.1 46.8 41.4 32.5 22.3 

# 

# 
J ~ / ~  

# - The E, E F / ~  and JvLF group averages  are based on a smaller 
number o cel ls ,  e number of which is d e c r e a s i n g  w i t h  i n -  
c r e a s i n g  r a d i a t i o n  dose ( see  Table  I ) .  
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Table  I11 

Percentage Change i n  Average Shor t  C i r c u i t  Cur ren t  of 

S o l a r  C e l l s  a f t e r  1 Mev E l e c t r o n  Rad ia t ion  

Group 
N o  - 

2 A f t e r  a Dose i n  Electrons/cm 

24,6% 45,3% 64,7% 77.9% A 

B 

C 

1 . 6  8 , 6  26.6 50.6 

1 , 9  1 2 , 5  3 0 , 2  5 1 , s  

D 0,9 1 0 . 4  29.3 52.5 

E# 0 - 5  4 - 5  2 2 , 6  34 .5  

# 

F 

o * o  1 , 5  1 0 , 3  24 ,5  

1 , 9  9 .3  2 5 ‘ 1  40.3 

G 2 , o  11,o 2 6 - 2  4 1 , l  

H 3 , l  13 7 33 c, 1 56.4  

# 
J ~ / ~  
K 

0,o 0 - 2  1 2 , o  22.0 

2 , 5  1 3 . 7  3 2 . 4  53 ,6  

# - The E ,  ED/F and JD/F group ave rages  are based on a smaller 
number of ce l l s ,  t h e  number of which i s  d e c r e a s i n g  w i t h  i n -  
c r e a s i n g  r a d i a t i o n  dose ( s e e  Table  I ) ,  
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Table IF* 

Percentage  Change i n  Average Maximum Power of S o l a r  C e l l s  

a f t e r  1 M e V  E lec t ron  Rad ia t ion  

A f t e r  a Dose i n  Electrons/cm 2 

Group 
No. 1 0 l 6  

A 

B 

2ge7% 52-3% 72 4% 85.6% 

5.2 1 2 , 4  33, l  59.7 

C 3,O 15.2 35.4 58.7 

D 1.4 12.9 34-8 59.2 

# 
D/F 
E 

1.8 8.6 34.2 48.1 

0.4 4.1 25.0 42,6 

F 3 .3  14 .1  3 4 - 2  52.1 

G 

H 
# 

J ~ / ~  
K 

2.0 15.1 35.2 52.6 

3 * 4  16,5 38.6 63 6 

5.0 9.4 23.2 43.2 

3.5 17.3 39.3 6 3 - 1  

# - The E, ED/F and JD group averages  are based on a s m a l l e r  
number of cel ls ,  t i e number of which is d e c r e a s i n g  w i t h  i n -  
c r e a s i n g  r a d i a t i o n  dose ( see  Table I ) .  
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SOLAR CELL RADIATION DAMAGE 
WITH 4.6 MEV PROTONS 

INTRODUCTION 

A comparative study w a s  made of the radiation damage rates  
of silicon solar cells f rom 4. 6 Mev protons as a companion ex- 
periment to a 1 Mev electron damage study recently done at the 
Naval Research Laboratory. '  The s o l a r  cells used in both ex- 
periments were supplied by the Space Power Technology Branch, 
National Aeronautics and Space Administration (Goddard Space 
Flight Center), from lots of experimental cells and typical pro- 
duction quality cells of late 1962, which they had procured for 
this purpose. The proton energy of 4 .6  Mev w a s  low enough to 
produce a high damage rate  throughout the bulk material  of the 
cell to a depth exceeding the minority ca r r i e r  diffusion length 
before irradiation. The radiation damage was measured after 
each proton bombardment at doses of 3x1010, l o l l ,  and 
3x1 O1 protons/cm2. Included in the measured characterist ics 
were the minority ca r r i e r  diffusion length, the spectral response, 
and the voltage - current characteristics of the cells under f i l -  
tered tungsten light. Only the results of the las t  measurements 
wi l l  be reported here.  

RADIATION 

The NRL 5 Mev Van de Graaff accelerator w a s  used for the 
source of protons. The beam w a s  scattered by a .0004-inch 
gold foil placed about 18 feet from the end of the drift tube 
where the solar cells were placed. The foil served the dual 
purpose of reducing the beam intensity and providing a uniform 
flux distribution at the cells. The proton energy incident on 
the foil was measured as 5. 127 MeV, while the energy incident 
on the solar cells was calculated t o  be 4.657 MeV, because of 
energy absorption by the foil. The flux was measured by col- 
lecting all of the beam current passing through a defining aper-  
ture into the insulated end section of the tube, which acted a s  a 
Faraday cup. 
The flux variation over the end of the beam tube where the 

The flux density was about 1. 4x108 protons/cmZ. 
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solar cells were placed was *l$. 
f rom one radiation to another was within *l .  3%. 
groups of 6 cells each which were  irradiated 4 a t  a time by pe r -  
muting the cell types and positions for  each exposure. The p res -  
sure  i n  the tube was about 5 ~ 1 0 - ~ m m  Hg. 

The variation in integrated flux 
There were  9 

MEASUREMENTS 

The voltage - current characterist ics of the cells were  meas -  
ured under the same light source used for the electron damage 
study. This was a 300-watt reflector flood bulb calibrated to a 
color temperature of 2800°K with a heat absorbing filter consist- 
ing of 3 cm of deionized water in a plexiglass holder interposed 
before the sample cells. The light intensity was adjusted by 
moving the cell holder to a position from the lamp which gave a 
short-circuit current f rom the cell equivalent to 100 mw/cm2 solar 
intensity a t  air m a s s  one. This was determined by a set  of 10 
Western Electric n/p solar cells which had been calibrated by the 
Goddard Space Flight Center for this purpose. The short-circuit 
current  was measured by precision res i s tors  and voltage-to- 
frequency conversion with an overall accuracy of * O .  1 ma for all 
cells except in Group B, where the accuracy i s  probably *O. 3ma.  

RESULTS 

Table I l is ts  all of the measured values of short-circuit 
current  following the indicated proton dose. The average value 
of short-circuit current for each group of cells a t  the indicated 
dose is  shown in Table 11. The percentage change in the aver-  
age short-circuit current  is given in Table 111. Table IV i s  the 
percentage change in maximum power output of each group as a 
function of proton dose. 

CONCLUSIONS 

The radiation damzge rates ,  indicated by the percentage 
change in short-circuit current,  follow the same trend a s  shown 
in the 1 Mev electron damage study: the higher bulk-resistivity 
cells have the lowest damage rate,  
highest rate.  There a r e  two variations in the order of damage 
ra tes  from electrons compared to protons, Group E, which 
had a significantly lower damage rate  under electron radiation, 

and the p/n cells have the 

2 
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had the same rate  a s  the 10 i2-cm cells under protons. Group K 
under protons has a lower damage rate than C and D. However, 
this amounts to only one percentage point difference and could be 
attr ibuted to small variations in the average initial properties of 
the cell  group. It is  conceivable, for example, that one group of 
6 cells ,from a particular lot may show a difference of 1% in 
radiation resistance than another group of 6 f rom the same lot. 
The data were  analyzed by applying the "Students - t - Test", and 
difference between means w a s  found to be significant to better 
than the . 0 1  level; this means that there is  less than 1 chance 
out of 100 that the differences are due to random e r r o r s .  The 
validity of using the filtered tungsten light for measuring Isc 
was established by measuring the electron-damaged cells at Table 
Mountain and under a solar simulator. The relative order of 
radiation damage ra te  w a s  unchanged when measuring under these 
three sources,  except for Group K at Table Mountain. 2 
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TABLE I 

S o l a r  Ce l l  Short  Ci rcu i t  C u r r e n t  
After 4.6 Mev Pro ton  Radiat ion 

Groups  A, B, C 

~~ ~~ 

2 
After  a Dose in P r o t o n s / c m  

11 
Ini t ia l  

10 
C e l l  No. Value l o l o  3x10 3x1 0 

(ma) (ma) (ma) (ma) (ma) 

A-1-16 4 7 . 5  36. 9 31. 8 26. 0 2 0 . 9  
A-1-18 49.1 36. 9 32. 1 26. 0 2 0 . 9  
A-1-20 48. 1 35. 1 30. 6 24. 5 19 .6  
A-1-22 48 .6  37 .0  32. 6 27. 0 2 1 . 4  
A-1-23 47.6 35.7 31. 1 25. 4 2 0 . 0  
A-1-24 4 7 . 3  36. 2 31.7 25. 9 20 .4  

B-1-16 81. 7 7 7 . 5  70. 4 61. 6 51. 7 
B-1-17 82. 8 78. 8 72. 0 63. 7 5 4 . 2  
B-1-18 81 .6  7 6 . 9  71. 6 62. 6 53. 5 
B-1-19 78. 6 74. 5 69. 0 59 .4  
B-1-20 83. 4 78.  4 71 .9  62. 3 52. 7 
B-1-21 79. 6 7 5 . 4  70. 0 61. 0 51 .7  

C-1-16 50. 7 45. 5 41. 6 36. 7 31. 9 
c - 1 - 1 9  51. 5 45. 2 41. 7 36. 6 31. 5 
c - 1 - 2 0  49 .2  43. 3 39. 8 35. 1 30. 2 
c - 1 - 2 1  50. 0 44. 6 41. 2 36. 8 31. 5 
c - 1 - 2 2  4 7 . 2  42.9 40. 0 35.6 30. 5 
C-1-24  49 .0  44. 8 42. 0 3 7 . 3  31. 8 
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Groups D, E, F 

2 
Af ter  a Dose  in Protons/cm 

D-1-16 
D-1-17 
D-1-20 
D-1-21 
D-1-24 
D-1-25 

E-1-21  
E-1-22  
E-1-23  
E-1 -24  
E-1 -25  
E-1 -26  

F-1-16 
F-1-19 
F-1-22 
F -1 -23  
F-1-24  
F-1-30 

44 .7  
45 .9  
44. 5 
4 4 . 7  
46. 0 
4 4 . 7  

21. 6 
21 .7  
21 .7  
22. 4 
2 2 . 1  
21. 8 

52. 7 
52. 1 
52 .2  
51. 6 
51. 8 
5 2 . 0  

40. 0 
41. 1 
39 .9  
40. 2 
40. 9 
40. 4 

2 0 , 7  
20. 5 
20 .4  
2 1 . 0  
20. 1 
2 0 . 0  

48. 4 
48. 0 
48. 0 
46, 6 
4 7 . 7  
4 6 . 7  

36. 4 
38, 1 
36. 7 
37 .2  
37 .9  
38.  1 

19. 2 
19. 4 
19. 3 * 
* 
* 

44.7  
45. 1 
45. 1 
44 .0  
45. 2 
# 

31.9  
3 3 . 4  
32. 2 
32. 7 
33. 4 
33 .9  

17. 0 
17. 1 
17. 0 
17. 3 
17. 2 
17. 2 

40. 3 
40. 7 
41. 2 
39. 8 
41. 4 
# 

27. 3 
28. 8 
27. 7 
27 .8  
2 8 . 4  
29. 2 

15. 1 
15. 3 
15. 1 
15. 3 
15. 3 
15. 1 

36. 2 
36. 6 
37. 3 
35, 6 
3 7 , 2  

# 

*Measurements were inadvertently omitted. 
#Cell was broken. 

2. 
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Groups G, H, K 

2 
After a Dose in P r o t o n s / c m  

11 
Initial 

10 
Ce l l  No. Value l o l o  3x10 3x10 

G-1-18 
G-1-20 
G-1-21 
G-1-22  
G-1-25 
G- 1-26 

H-1-16 
H-1-17 
H-1-18 
H-1-19 
H-1-21 
H-1-22 

K-1-16 
K-1-17 
K-1-18 
K-1-20 
K-1-24 
K-1-26 

4 6 . 2  
4 9 . 1  
50. 5 
49 .6  
46.9 
48.0 

49.9 
52. 6 
47 .3  
49 .2  
49 .5  
49 .3  

47 .1  
49 .9  
49.5 
49 .7  
48. 2 
47. 8 

41. 3 
44. 5 
45.7 
45. 1 
42. 1 
43 .2  

43.1 
45. 1 
41.7 
43. 2 
43. 6 
42. 8 

42. 0 
4 5 . 1  
44. 6 
44. 5 
41. 5 
41.9 

37.7 
41.8 
42.6 
42. 3 
39.6 
40. 5 

38. 5 
41. 4 
38. 3 
39.9 
40. 3 
39.4 

38. 2 
41.9 
41. 5 
41.6 
38. 4 
38.8 

34. 4 
38. 0 
38. 7 
38. 5 
35. 8 
36. 5 

34.0 
36. 0 
33.7 
34 .7  
35. 2 
34. 0 

33. 9 
37.6 
37 .4  
37.2 
33. 6 
34.0 

30. 5 
34.3 
34. 6 
34. 3 
31.7 
32. 3 

28.8 
30.7 
28.6 
29. 5 
30. 0 
28. 8 

29. 5 
33. 2 
32. 9 
32. 6 
28. 7 
29. o 

3. 
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TABLE I1 

Average Short-circuit  Current of Solar Cells 
After 4. 6 Mev Proton Radiation 

2 
After a Dose in Protons/cm 

A 

B 

C 

D 

E 

F 

G 

H 

K 

48. 0 

81. 3 

4 9 . 6  

45. 1 

2 1 . 9  

52. 1 

4 8 . 4  

49. 6 

48, 7 

36. 3 

76. 9 

44. 4 

40. 4 

20. 5 

47. 6 

43 .7  

43. 3 

4 3 .  3 

31. 7 25. 8 

70. 8 61. 8 

41. 0 36. 4 

3 7 . 4  32. 9 

19. 3* 17 .  1 

44 .8+  40 .7+  

40. 8 3 7 . 0  

39. 6 34. 6 

40. 1 35. 6 

2 0 . 5  

52.8* 

31. 2 

28. 2 

15 ,  2 

36 .6#  

3 3 . 0  

29. 4 

31. 0 

f l  Less than 6 cells averaged for this value. 
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Table I11 

Percentage Change in Average Short-circuit  Current of 
Solar Cells after 4.6 Mev Proton Radiation 

2 After a Dose in Protons/cm 

10 11 1o1O 3x1 0 3x1 0 
Group No. 

A 

B 

C 

24.4% 34 

5.4 12 

10.5 17 

D 

E 

F 

G 

H 

K 

10.4 

6. 5 
8 .  7 

9 . 8  

12. 8 

11.2 

1% 46 

9 24 

2 26 

17.1 

10.9 

13.9 

15. 8 

20.1 

17. 8 

0% 

0 

7 

27. 0 

21. 6 

21.7 

23. 6 

30. 3 

26.9 

57.1% 

35.7 

37.0 

37.5 

30. 5 

29 .8  

32. 0 

40. 8 

36. 5 
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Table IV 

Percentage Change in Average Maximum Power of 
Solar Cells after 4. 6 Mev Proton Radiation 

2 
After a Dose in  Protons/cm 

10 11 Group No. 1o1O 3x1 0 3x1 0 

A 

B 

C 

D 

E 

F 

G 

H 

K 

29. 3% 41.4$ 

4.9 12.9 

11.7 18. 5 

10.9 19. 2 
7 . 4  13. 4 

9. 5 15.6 

11.5  19.7 

15. 6 23. 8 

14. 7 23. 9 

53.94 
27. 2 

30. 2 

30. 3 

26. 5 

25. 7 

30. 1 

36. 2 

35, 0 

65.7% 

41,O 

41. 3 

42. 2 

37.9 

35.2 

39.3 

46. 9 
45.2 
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